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TECHNICAL  NOTE  AERO  81 


DETERMINATION  OF  THE  PITCH  AND  ROLL 
GAIN  LIMITS  FOR  THE  F-111C 
AUTOMATIC  FLIGHT  CONTROL  SYSTEM 


SUMMARY 


A  manual  Automatic  Flight  Control  System  (AFCS)  gains  changer  was 
designed  into  the  flight-test  F-111C,  A8-132,  for  F-111C  flight  flutter  trials. 
The  system  was  designed  to  be  adjusted  in  flight  to  enable  a  worst  case 
aircraft  flutter  response  to  be  evaluated  during  flutter  testing.  Technical 
Note  Aero  No  81  tasked  Aircraft  Research  and  Development  Unit  to  conduct  flight 
tests  to  determine  the  range  of  the  self  adaptive  AFCS  gains  that  occur 
normally  v/ithin  the  F-111C  flight  envelope  and  to  determine  the  highest  gain 
values  that  could  be  set  before  the  aircraft  demonstrated  dynamic  instability. 

The  flight -test  results  showed  that  the  self-adaptive  pitch  and  roll 
gain  values  were  higher  than  indicated  by  General  Dynamics.  The  results 
further  showed  that  the  aircraft  response  varied  with  feedback  gain  setting  and 
that  at  airspeed  above  400  KCAS  the  gains  could  be  set  to  values  to  induce 
neutral  dynamic  response  in  the  test  aircraft.  A  gains  envelope  was  determined 
for  F— 1 11C  flight  flutter  testing  at  a  level  10%  below  the  neutral  stability 
setting. 
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TECHNICAL  NOTE  AERO  81 
DETERMINATION  OF  THE  PITCH  AND  ROLL 
GAIN  LIMITS  FOR  THE  F-111C 
AUTOMATIC  PLIGHT  CONTROL  SYSTEM 


1.  INTRODUCTION 


1.1  A  manual  Automatic  Flight  Control  System  (AFCS)  gains  changer  was  designed 
into  the  flight-test  F-111C,  A8-132,  for  F-111C  flight  flutter  trials.  The 
gains  system  was  designed  to  be  adjusted  in  flight  to  enable  a  worst  case 
aircraft  flutter  response  to  be  evaluated  as  the  response  of  the  aircraft 
varies  with  AFCS  gain  setting.  The  first  part  of  the  task  was  to  determine  the 
ranges  of  the  AFCS  self-adaptive  pitch  and  roll  gain  that  occur  normally  within 
the  F-111C  flight  envelope.  This  was  an  essential  pre-requisite  for  operation 
of  the  manual  pitch  and  roll  gain  control  systems.  The  second  stage  was  to 
conduct  functional  tests  on  the  manual  gain  system  and  to  determine  the  highest 
gain  values  that  could  be  set  for  flight  flutter  testing  before  the  aircraft 
demonstrated  dynamic  instability.  The  results  of  both  sets  of  tests  are 
documented  in  this  report. 


2.  CONDITIONS  RELEVANT  TO  THE  TESTS 


2.1  System  Description 


2.1.1  The  AFCS  has  been  provided  for  the  F-111C  to  provide  well-behaved 
aircraft  handling  characteristics  at  all  flight  conditions  and  good  response  to 
random  gusts.  A  Stability  Augmentation  System  (SAS)  is  included  for  pitch, 
roll  and  yaw  to  provide  well-behaved  aircraft  dynamic  response  throughout  the 
aircraft  flight  envelope.  Signals  from  gyros  and  accelerometers  are  used  to 
compute  commands  to  the  damper  servos  to  enable  the  aircraft  to  exhibit  little 
or  no  overshoot  characteristics.  The  Command  Augmentation  System  (CAS)  is  used 
in  both  pitch  and  roll  so  that  variations  in  aircraft  response  to  stick 
displacement  will  be  minimized  as  flight  conditions  change.  A  stick  position 
transducer  transmits  a  rate  command  signal  to  the  damper  servo,  through  a 
summing  junction.  The  other  input  to  the  summing  junction  is  a  rate  feedback 
term  from  a  gyro  and  the  error  signal  fed  to  the  damper  servo  is  the  difference 
between  the  commanded  roll  rate  (stick  induced)  and  actual  roll  rate.  The 
error  signal  of  both  the  pitch  and  roll  systems  is  gain  adjusted  before  being 
input  to  the  damper  servo.  The  system  is  shown  in  schematic  form  at  Figure 
2.1. 


RATE 


TO  ROLL 
DAMPER 
SERVO 


Figure  2.1  -  F111C  Roll  Control  System  Schematic 
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2.1.2  The  pitch  command  to  the  pitch  damper  servos  and  the  roll  command  to  the 
roll  damper  servos  are  gain  adjusted  by  self-adaptive  gain  changers.  The  gains 
are  adjusted  by  circuits  within  the  AFCS  based  upon  the  frequency  and  magnitude 
of  oscillations  that  exist  on  the  rate  gyros.  The  required  value  of  the  gain 
is  dependent  on  the  flight  regime  of  the  aircraft.  As  the  natural  response  of 
the  F-111C  is  very  sluggish  at  low  dynamic  pressures,  high  gains  are  needed  for 
low  speed  -  high  altitude  flight,  conversely,  low  gains  are  required  for  high 
speed  -  low  altitude  flight,  as  the  F-111C  is  very  sensitive  at  high  dynamic 
pressures.  As  the  gain  value  is  increased,  a  low  amplitude  oscillation  will 
appear  on  the  horizontal  stabilizer.  The  gain  changer  mechanism  will  drive  to 
keep  the  gains  as  high  as  possible  to  secure  optimum  aircraft  response,  while 
remaining  low  enough  to  prevent  the  pilot  detecting  the  stabilizer  oscillation. 
Values  of  predicted  gains  for  various  flight  conditions  were  documented  in 
Reference  A  and  are  included  as  Annex  A.  A  more  complete  description  of  the 
F-111C  AFCS  can  be  found  in  both  Reference  A  and  the  F-111C  Flight  Manual, 
Reference  B. 

2.2  Test  Aircraft.  A8-132  was  used  for  all  tests.  The  test  aircraft  was 
fitted  with  the  RAAF  Airborne  Flight -Test  Recording  and  Analysis  System  for  the 
trial  to  enable  test  data  to  be  recorded  on  board  and  telemetered  to  the 
Aircraft  Research  and  Development  Unit  telemetry  ground  station. 

2.2.1  Configuration.  The  test  aircraft  was  configured  with  pivot  pylons  on 
stations  3,  4,  5  and  6. 

2.2.2  Test  Aircraft  Modifications.  A8-132  has  been  extensively  instrumented 
under  Test  Schedule  1650  and  has  extensive  internal  wiring  modifications. 
External  modifications  were  limited  to  the  addition  of  two  wing  tip  and  two  aft 
fuselage  camera  fairings.  Modifications  to  the  cockpit  included  the 
instillation  of  a  Data  Acquisition  System  control  panel,  switches  and 
indicators  for  manual  control  of  the  AFCS  gain  system,  and  a  flutter  exciter 
store  (FES)  control  panel.  The  AFCS  gains  systems  have  been  modified  to  enable 
both  pitch  and  roll  gain  values  to  be  set  and  varied  manually  by  the  test 
aircrew.  A  description  of  the  modifications  may  be  found  in  ARDU  reports 
KAIV003  and  KAIV031. 

2.2.3  Cockpit  Modifications.  Cockpit  modifications  have  been  made  to  enable 
the  crew  to  exercise  manual  control  over  the  AFCS  gains.  The  controls  are 
located  on  a  panel  which  replaced  the  TFR  1 E '  scope,  and  consist  of  an  enable 
switch,  a  drive  switch  (+/-)  and  a  tracking  LED  for  each  of  the  axes.  The 
enable  switches  have  two  positions,  ENABLE  and  OFF;  the  drive  switches  allow 
the  crew  member  to  increase  or  decrease  the  gain  with  the  system  in  manual,  and 
the  tracking  LEDs  show  that  the  manual  gain  tracking  sub-system  is  keeping  pace 
with  the  system  gains  in  the  adaptive  mode  (thus  preventing  discrepancies 
between  adaptive  and  manual  gains  on  engagement).  One  indicator  per  axis 
displays  gain.  The  indication  is  presented  as  'percent'  but  a  correction 
factor  must  be  applied  to  derive  the  true  gain  value.  For  convenience,  gain 
values  stated  in  this  report  are  'indicated  percent'.  The  correction  factor  is 
shown  in  Annex  B. 


2.3  Tel emetry.  Flight-testing  was  monitored  through  the  telemetry  ground 
station.  Parameters  available  for  monitoring  are  shown  in  the  Instrumentation 
Record  (Annex  C). 
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3.  TESTS  HADE 


3.1  Flight  tests  were  made  in  both  the  manual  and  self  adaptive  gains  mode  as 
described  in  the  following  paragraphs. 

3.2  Self-Adaptive  Mode  Tests.  The  tests  conducted  in  the  self-adaptive  mode 
consisted  of  recording  the  values  of  pitch  and  roll  gains  during  stabilized 
level  flight  at  specific  test  points. 

3.3  Manual  Gain  Mode  Tests.  The  flight  tests  in  the  manual  gain  mode 
consisted  of  increasing  pitch  and  roll  gain  (separately  and  then  together)  at 
stabilized  test  conditions  until  a  small  control  disturbance  caused  the 
aircraft  damping  to  decrease  to  a  point  where  ’neutral'  dynamic  stability  was 
encountered. 

3.4  Test  Matrix.  The  test  flights  were  performed  in  accordance  with  the  test 
matrix  at  Annex  D. 


4.  TEST  METHODOLOGY 


4.1  Self-Adaptive  Mode.  The  aircraft  was  stabilized  at  the  test  point  for  two 
minutes  with  constant  power  lever  settings,  7  degrees  incidence,  minimum  of 
flight  control  activity  and  no  atmospheric  turbulence.  The  flight  crew 
monitored  the  gains  indicators  and  recorded  the  maximum  gain  value.  The 
aircraft  was  then  subjected  to  rapid  and  continuous  longitudinal,  lateral  and 
directional  control  inputs  and  the  lowest  gain  level  was  recorded  by  the  test 
crew. 


4.2  Manual  Gain  Mode.  The  aircraft  gains  were  driven  well  below  the  maximum 
steady-state  value,  as  determined  from  the  self-adaptive  gain  tests,  by  the 
application  of  rapid  lateral  and  longitudinal  control  inputs.  The  gains  were 
ma-ually  driven  upwards  at  5  percent  intervals  from  the  starting  value.  A 
small,  but  sharp  control  input  (longitudinal  for  pitch  gain  and  lateral  for 
roll  gain)  was  made  to  disturb  the  aircraft.  The  aircraft  response  was 
measured  by  the  ground  station  staff  to  determine  response  frequency  and 
damping  ratio.  The  gains  were  increased  until  maximum  gain  (100%)  or  neutral 
damping  (d=0)  was  achieved. 

4.3  Data  Reduction.  The  results  from  the  self-adaptive  mode  tests  were 
directly  compared  with  the  information  contained  in  Reference  A.  Analytical 
data  reduction  was  only  performed  on  flight -test  data  obtained  from  manual  mode 
flight  tests  Serial  Nos  1  to  14  of  Annex  D  to  determine  plots  of  damping  ratio 
versus  gain  value.  The  data  reduction  technique  involved  measurement  of  the 
aircraft  transient  peak  ratio  (TPR)  of  the  pitch  rate  response  due  to  pilot 
input.  The  damping  ratio  of  the  reponse  was  then  calculated  using  the  known 
relationship  between  TPR  and  damping  ratio.  The  detailed  data  reduction  plan 
is  documented  at  Annex  E. 
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5.  RESULTS  OF  TESTS  AND  DISCUSSIONS 


5.1  Self-Adaptive  Mode  Results.  The  results  of  the  self-adaptive  mode  gain 
tests  shown  at  Annex  F  in  both  tabular  and  graphical  form.  The  listed  results 
represent  the  maximum  recorded  gain  values  for  each  test  condition  were  between 
five  and  10  percent  higher  than  expected  for  both  the  pitch  and  roll  system. 
The  pitch  gain  system  was  generally  more  stable  than  the  roll  system  and 
followed  the  expected  gain  theory  of  high  values  for  low  speed  and  low  values 
for  high  speed.  The  roll  gain  results  were  not  readily  repeatable  airframe 
buffet. 

5.2  Manual  Mode  Results.  The  results  of  manual  mode  gain  tests  for  each  test 
altitude  are  given  in  the  following  paragraphs. 

5.2.1  Tests  at  30,000  ft.  With  the  gains  in  the  self-adaptive  mode,  the  pitch 
and  roll  gains  drifted  to  100%.  Manual  gains  were  engaged  at  90%  setting  with 
no  adverse  effect  on  aircraft  response  or  systems.  Gains  were  increased 
manually  in  5%  increments  to  100%.  Pitch  damping  was  virtually  constant 
throughout.  Roll  damping  decreased  slightly  with  speed  with  gains  set  at  100%, 
except  for  325  and  350  KCAS  test  points  where  the  damping  actually  increased. 

5.2.2  Tests  at  25,000  ft.  The  test  points  v/ere  300,  350,  380  and  410  KCAS. 
Manual  gains  were  engaged  at  least  10%  lower  than  those  demonstrated  in 
Adaptive  Mode  tests,  para  5.2.  Gains  were  again  increased  incrementally  as  in 
para  5.2.1,  except  that  the  increments  were  reduced  to  2%  as  the  damping  ratio 
approached  0.1.  Roll  damping  decreased  marginally  with  increasing  roll  gain; 
however,  gains  could  be  set  at  100%  for  all  test  points  with  only  a  mild 
oscillatory  response.  The  pitch  response  showed  decreasing  damping  with 
increasing  gain,  except  for  the-A.  =  26°  300  KCAS  case,  where  the  damping  ratio 
actually  increased  with  gain.  A  minimum  damping  ratio  of  0.06  was  measured  for 
the  410  KCAS  case.  The  pitch  gain  versus  damping  ratio  curve  is  shown  at  Annex 
G-l . 


5.2.3  Tests  at  20,000  ft.  The  test  points  were  300,  350,  400  amd  450  KCAS. 
The  manual  gains  were  engaged  at  least  10%  lower  than  the  adaptive  mode  test 
values.  Gains  were  again  increased  incrementally  as  in  para  5.2.1  tests.  The 
roll  rate  response  again  showed  a  small  change  with  increasing  gain.  Some 
small,  well -damped  oscillations  did  occur  with  the  higher  gain  settings; 
however,  gains  could  be  set  at  100%  for  all  test  points.  The  pitch  response 
showed  decreasing  damping,  for  all  test  points,  with  increasing  gain.  This  was 
especially  apparent  for  the  450  KCAS  test.  The  resultant  undampened  pitch 
oscillation  at  maximum  gain  was  in  the  2  to  3  Hz  frequency  range.  Plots  of  the 
pitch  rate  damping  ratio  versus  pitch  gain  are  shown  at  Annex  G-2. 

5.2.4  Tests  at  15,000  ft.  The  test  points  were  425,  450,  475  and  500  KCAS. 
Manual  gains  were  engaged  at  a  10%  lower  value  than  that  established  as  maximum 
gain  during  adaptive  gains  testing  and  gains  were  increased  incrementally  as  in 
para  5.2.1.  Roll  damping  decreased  with  increasing  gain,  however  gains  could 
be  set  at  100%  for  all  test  points,  with  the  resulting  aircraft  motions  being 
deadbeat  (lower  values),  or  with  minor  roll  oscillations  (higher  value).  With 
pitch  gain,  damping  of  aircraft  motions  decreased  markedly  with  increased  gain 
until  a  point  was  reached  where  a  small  stick  input  resulted  in  an  undamped  or 
slightly  divergent  aircraft  motion.  The  motion  was  a  pitch  oscillation  of 
about  2  Hz. 
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5.2.5  Tests  at  10,000  ft.  The  test  points  were  300,  400  and  450  KCAS.  Manual 
gains  were  engaged  at  values  at  least  10%  below  the  previously  determined 
adaptive  gain  values.  The  gain  values  were  also  increased  incrementally  as  in 
para  5.2.1  tests.  The  roll  gain  values  again  exhibited  a  decrease  in  damping 
ratio  as  gain  was  increased,  however  the  minimum  damping  ratio  did  not  preclude 
a  gain  setting  of  100%  for  speeds  up  to  450  KCAS.  The  pitch  rate  response 
showed  a  decreasing  damping  ratio  for  increasing  gain  for  all  test  airspeeds. 
The  pitch  oscillations  were  approximately  2  to  3  Hz  and  tended  towards  neutral 
dynamic  stability  at  high  gain  values.  The  relationship  between  pitch  rate 
damping  ratio  and  pitch  gain  value  is  shown  at  Annex  G-3. 

5.2.6  Tests  at  3000  ft.  The  test  points  were  from  425  to  625  KCAS  in  25  knot 
increments^  Manual  gains  were  engaged  at  values  10%  lower  than  those 
established  during  adaptive  gains  testing.  Gains  were  increased  incrementally 
as  per  para  5.1.2.  Roll  damping  decreased  with  increasing  gain,  however  gains 
could  be  set  at  100%  for  all  test  points  up  to  625  KCAS,  with  resultant  motions 
being  deadbeat  (lower  values)  or  minor  damped  lateral  oscillations  at  the 
higher  gain  settings.  With  pitch  gain,  damping  of  the  aircraft  motions 
decreased  markedly  with  increasing  gain  until  a  point  was  reached  where  a  small 
stick  input  resulted  in  a  neutrally  damped  or  slightly  divergent  aircraft 
motion.  The  motion  was  a  pitch  oscillation  of  about  2  Hz,  +/-  0.2  1  g 1  and  +/- 
0.25  alpha. 
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6.  CONCLUSIONS 


6.1  The  analysis  of  the  flight-test  results  of  the  two  types  of  F-illC  gain 
mode  tests  are  given  in  the  following  paragraphs. 

6.2  Self-Adaptive  Gain  Mode  Tests.  The  test  results  showed  that  the  pitch  and 
roll  gain  settings  were  higher  than  expected  and  provide  a  guide  to  the  highest 
gain  values  that  occur  naturally  in  the  AFCS.  Before  the  manual  gain  system  is 
enabled,  the  adaptive  gains  must  be  driven  (by  rapid  control  stick  inputs)  to  a 
value  well  below  those  established  by  flight  test. 

6.3  Manual  Gain  Mode  Tests.  The  tests  showed  that  the  aircraft  response  to 
disturbance  depended  on  gain  and  generally  followed  simple  state  feedback 
theory.  When  gain  was  increased  at  airspeeds  of  400  KCAS  and  above,  a  point 
was  reached  where  the  aircraft  exhibited  'neutral  stability'  characterisitics, 
ie,  oscillated  without  decay.  The  suggested  gains  settings,  shown  in  Annex  H, 
have  been  determined  by  the  application  of  a  10%  buffer  below  the  neutral 
stability  setting. 


7.  RECOMMENDATIONS 


7.1  The  following  recommendations  are  made  regarding  operations  of  the  F-111C 
with  the  AFCS  gains  set  in  the  manual  made. 

a.  A  gain  setting  of  100%  may  be  used  for  both  the  pitch  and  roll 
AFCS  gain  systems  at  airspeed  values  at  or  below  350  KI AS ;  and 

b.  The  gain  boundaries  defined  at  Annex  H  should  be  applied  for 
manual  gain  flight  tests  for  airspeeds  above  350  KIAS. 
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B.  DI(AF)AAP  7214.003-1,  F-111C  Flight  Manual. 
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GAINS  VS  PERCENT  GRAPHS 


PITCH  GAIN  INDICATOR  VOLTAGE 


ROLL  GAIN  INDICATOR  VOLTAGE 
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Serial 

Altitude 

(ft) 

Ai rspeed 
(KCAS) 

1 

3,000 

250,  300,  350,  400, 

450,  475,  500,  525, 

550,  575,  600,  625 

2 

15,000 

250,  300,  350,  400, 

425,  450,  475,  500 

3 

30,000 

250,  275,  300, 

325,  350 

Stabilized  Level  Flight 


MANUAL  MODE  TESTS 


Serial  Altitude 
(ft) 


1  - 


5  -  8  20,000 


9  -  14  10,000 


IS  -  19  30,000 


20  -  27  15,000 


38  -  39  3,000 


Ai rspeed 
(KCAS) 

Remarks 

300,  350,  380,  410 

Analytic  Test  Required 
Telemetry  Used 

300,  350,  400,  450 

Analytic  Test  Required 
Telemetry  Used 

350,  380,  400,  450, 
500,  550 

Analytic  Test  Required 
Telemetry  Used 

250,  275,  300, 

325,  350 

No  Telemetry  Used 

250,  300,  350,  400, 
425,  450,  475,  500 

No  Telemetry  Used 

250,  300,  350,  400, 
450,  475,  500,  525, 
550,  575,  600,  625 

No  Telemetry  Used 
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DATA  REDUCTION  OF  AIRCRAFT  OSCILLATORY  RESPONSE 


1.  The  disturbed  motion  of  an  aircraft  is  either  oscillatory  or  non 
oscillatory.  For  an  oscillatory  response,  the  aircraft  handling  requirements 
are  usually  stated  in  terms  of  undamped  natural  frequency  (<a)  and  damping  ratio 
(i).  The  following  paragraphs  detail  a  technique  for  determining  the  actual 
aircraft  and  5  values  from  flight-test  data. 

2.  Test  Data.  Time  response  histories  of  both  pitch  rate  and  roll  rate 
were  recorded  both  via  the  ground  telemetry  station  and  on  the  on-board  digital 
data  recorder.  A  typical  aircraft  rate  response  of  the  F-111C  aircraft  to  the 
pilots  input  is  shown  at  figure  1. 

3.  Data  Reduction.  The  transient  peak  ratio  (TPR)  of  the  response  was 
calculated  using  the  relationship. 

TPR  =  DAm=r  for  r>o 

DAm=r  (refer  to  figure  1) 

The  aircraft  damped  natural  frequency  was  calculated  using  the  relationship: 

v^d  =  2^ 

T 

The  damping  ratio  (3)  of  each  response  was  determined  using  the  known  relation 
between  TPR  and  5  ,  shown  at  figure  2.  The  undampened  natural  frequency  (^)  was 
then  determined  from: 

io>  =  tA, _ 

(1  -42)  u2 


Figure  1 


transient  peak  ratio  ~  tpr 


i 


Figure  2-Transient  Peak  Ratio  Vs 
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E  GAIN  TEST  RESULTS 
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MANUAL  MODE  TEST  RESULTS 


PITCH  GAIN  VS  DAMFING  FOR  25,000  FT 
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PITCH  GAIN  VS  DAMPING  FOR  20,000  FT 
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PITCH  GAIN  VS  DAMPING  FOR  10,000  FT 
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GAINS  FLIGHT  ENVELOPE 

MANUAL  PITCH  GAIN  LIMITS  FOR  HEIGHT  OF  3,000  FT 
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MANUAL  PITCH  GAIN  LIMITS  FOR  HEIGHT  OF  15,000  FT 
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MANUAL  PITCH  GAIN  LIMITS  FOR  HEIGHT  OF  25,000  FT 
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MANUAL  ROLL  GAIN  LIMITS  FOR  HEIGHT  OF  3,000  FT 
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MANUAL  ROLL  GAIN  LIMITS  FOR  HEIGHT  OF  15,000  FT 
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MANUAL  ROLL  GAIN  LIMITS  FOR  HEIGHT  OF  20,000  FT 
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MANUAL  ROLL  GAIN  LIMITS  FOR  HEIGHT  OF  30,000  FT 
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